The tau effect, an effect of temporal intervals on the perception of spatial separation or sensory difference, has been observed in various sense modalities, including pitch bisection judgments in audition. However, systematic studies on the mechanism of the auditory tau effect have been rather scarce. In the present study, experiments were carried out using the AXB method to investigate the auditory tau effect on the pitch perception of pure tones (Experiment 1), the auditory tau effect on perception of the lei-Iii, , and the kappa effect-an effect of sensory differences on the perception of temporal intervals-on the perception of pure tones and synthetic vowels (Experiment 3). The results demonstrated that the auditory tau effect occurs not only in the pitch perception of pure tones, but also in the phonetic perception of the III-Iii and Iii-III continua of synthetic vowels. The reverse pattern of results was obtained in the lei-Iii and Iii-lei continua. The kappa effect was found both in the pitch perception of pure tones and in phonetic judgments of synthetic vowels. These findings suggest that the interaction between temporal interval and pitch (or phonetic) perception can be explained on the basis of the integration of forward and backward context effects, and that the auditory tau and kappa effects occur at an early stage of auditory information processing.
The tau effect, an effect of temporal intervals on the perception of spatial separation or sensory difference, has been observed in various sense modalities, including pitch bisection judgments in audition. However, systematic studies on the mechanism of the auditory tau effect have been rather scarce. In the present study, experiments were carried out using the AXB method to investigate the auditory tau effect on the pitch perception of pure tones (Experiment 1), the auditory tau effect on perception of the lei-Iii, , and the kappa effect-an effect of sensory differences on the perception of temporal intervals-on the perception of pure tones and synthetic vowels (Experiment 3). The results demonstrated that the auditory tau effect occurs not only in the pitch perception of pure tones, but also in the phonetic perception of the III-Iii and Iii-III continua of synthetic vowels. The reverse pattern of results was obtained in the lei-Iii and Iii-lei continua. The kappa effect was found both in the pitch perception of pure tones and in phonetic judgments of synthetic vowels. These findings suggest that the interaction between temporal interval and pitch (or phonetic) perception can be explained on the basis of the integration of forward and backward context effects, and that the auditory tau and kappa effects occur at an early stage of auditory information processing.
Many experiments have been conducted on the timespace relationship in perception. For example, the tau effect is usually cited as evidence for the dependence of space perception on time. The tau effect was first identified by Helson (1930) in tactile perception. He found that when two points are stimulated successively, the perceived distance between the points varies as a function of the temporal interval separating the two points. More specifically, if three points are marked off on an observer's skin and the temporal interval between the stimulation of the first and second points is greater than that between the second and third, the observer reports that the spatial distance between the first and second points is greater than that between the second and third, even though, in fact, it may be physically equal or less. A few years later, Geldreigh (1934) demonstrated an analogous effect in visual perception, and Billand Teft (1969) confirmedthis visualtau effect.
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of brief and equal duration and is asked to adjust the middle tone to appear to be intermediate in pitch between the other two tones, when the tone is temporally close to either of the two comparison tones it is judged as more different in frequency than when it is more temporally distant. Cohen, Christensen, and Ono (1974) found that this auditory tau effect occurs monaurally as well as binaurally, and they proposed a "high level" model with a hierarchical order of perceptual processes into which temporal andlor spatial factors enter as an integral component. However, they proposed this model "in the most tentative fashion, since so much of the neurophysiological basis of the various effects remains obscure" (p. 86). The influence of temporal factors upon the hierarchical character, in particular, has not been fully examined. Christensen and Huang (1979) examined the auditory tau effect using the method of adjustment with a more precise control of the time condition, and reported that the findings were in perfect accordance with those reported by Cohen et al. (1974) and Cohen et al. (1954) . Christensen and Huang (1979) offered an explanation for the auditory tau effect in terms of memory for pitch in which the dynamic role of the time condition is taken into account. According to their model, on the first presentation of the three tones, the subject has to compute the midpoint (T2') of the first tone (Tl) and the third tone (T3) by means of some algorithm. Since 12' (the subjective middle frequency) did not arise from direct sensory input, it can be hypothesized that it is stored in a manner that renders it proof against interference by incoming tones but not against the decay of memory. On the second presentation of the cycle, the second tone (12) can be compared with T2' as soon as the second tone (12) is availCopyright 1986 Psychonomic Society, Inc. able, and the trial is over if they are judged to be the same. If they are not, then n' can be "refreshed" by another calculation and the process repeated, T2 on the nth trial being compared with Tl' derived from the (n-l)th trial. In order to compute T2', T1 must be held in memory until T3 arrives, by which time n will have been presented. Christensen and Huang (1979) further supposed that the effect of the interference of T2 with T1 was to make the retrieved value of T1 appear closer in pitch to T2 than was physically the case. Thus, in ascending order of pitch, T2' would have a larger (higher) value than would otherwise be the case (see discussion in Christensen & Huang, 1979) .
In order to elucidate the mechanism of the auditory tau effect, it is necessary to explore some questions which remain unanswered. First, the mechanism of the auditory tau effect is often explained by factors that greatly depend upon the experimental procedure. In many previous investigations on this topic (e.g., Cohen et al., 1974) , the method of adjustment was used. According to this method, it is necessary to keep in memory the subjective middle frequency between the first and third tones until the second stimulus of the next triad appears, so the auditory tau effect might be based on the interaction of memories of more than three stimuli. Consequently, it would be implausible to regard the "auditory tau effect" as an example of the tau effect. The underlying central mechanism of the auditory tau effect obtained from pitch bisection judgments would seem to be different from those of the tau effect in other sensory domains.
Second, the relationship between the auditory tau effect and stimulus attributes remains unexamined. While the auditory tau effect has been taken as an example of the interdependence of time-pitch perception in pitch bisection experiments, phenomena similar to the auditory tau effect have also been investigated from other points of view. For example, time error (Kohler, 1923 ) is another phenomenon caused by the effect of temporal variables upon pitch judgments. When two stimuli equal in value are presented in temporal succession, there exists a constant error in comparative judgment for the two stimuli as a function of the lapse of time between the first and second. It has been shown that if the target is presented second, the judgments show systematic tendencies toward either overestimation or underestimation of pitch, depending on temporal conditions. Time error seems to be very similar to the auditory tau effect. It has been found that the direction and magnitude of time error vary systematically both with the temporal interval between two stimuli and with the attributes of the stimuli (Morikiyo, 1959; Postman, 1946) . In order to understand the basic mechanism of the auditory tau effect, it is also necessary that the relationship between the auditory tau effect and stimulus attributes should be investigated experimentally.
On the other hand, additional research into time-space relations in perception has focused on the effect of variations in the visual space on perceived temporal durations. Abbe (1936) has shown that when two equal time intervals are separated by stimuli demarcating different spatial extents, stimuli with a larger spatial extent result in a longer perceived duration of the temporal interval. Similar results have been obtained by Cohen, Hansel, and Sylvester (1953) , who labeled their finding the "kappa effect" to distinguish it from the tau effect, and by Price-Williams (1954) . The kappa effect has also been shown to occur in various sense modalities, including vision, audition, and touch. It appears that some investigations of the interdependence of time and space have shared common experimental conditions for both the tau effect and the kappa effect. The investigations on the tau and kappa effects suggest that there is a tradeoff between time and space perceptions.
In the present study, three experiments were conducted.
The purpose of the first experiment, which was preliminary in nature, was to replicate the basic finding of Cohen et al. (1954) that the auditory tau effect occurs in pitch perception, although the experiment also addressed the question of whether the auditory tau effect is produced by an AXE paradigm. The aims of the second and third experiments were to investigate the underlying central mechanisms of the auditory tau and kappa effects, respectively. The second experiment focused on the relationship between the auditory tau effect and stimulus attributes. The third experiment focused on the relationship between the auditory kappa effect and stimulus attributes.
EXPERIMENT 1
The purpose of Experiment 1 was to investigate whether the auditory tau effect in the pitch perception of pure tones could be obtained in ratings of similarity, which are most commonly used in auditory perceptual experiments. In this experiment, an AXE paradigm was used to elicit similarity ratings from subjects. According to this paradigm, subjects hear one triad and have only to judge whether the second stimulus is similar to the first or to the third. Since the auditory tau effect obtained from pitch bisection judgments using the method of adjustment might be based on the interaction of memories of more than three stimuli, an AXE paradigm might be superior to the method of adjustment in inducing performance that would more directly reflect the effect of temporal variables upon the pitch perception of the second tone. Experiment 1 therefore used an AXE paradigm with short ISIs instead of the method of adjustment.
Method
Subjects. The subjects were 7 undergraduate students at Chiba University. None reported any history of a speech or hearing disorder.
Stimuli. Sine-wave tones, which were prepared using a PDP-II computer (DEC), were normalized using the overall maximum amplitude. All the stimuli were read out at a sampling rate of 10 kHz with an accuracy of 10 bits, converted into analog waveform, and recorded on magnetic tape through a low-pass filter with a cutoff 
Results and Discussion
The probability that the target tone would be judged as similar to either one of the two other tones as a function of the tone frequency can be generally approximated by a cumulative normal distribution. Therefore, the percentage of responses indicating that the target was similar to the third tone for the five temporal conditions for each frequency of 4.5 kHz for the off-line experiment. All the stimuli had a steady duration of 200 msec, with rise and decay times of 20 msec.
One stimulus set consisted of three tones. The frequencies ofthe first and the third tones were held constant at 1000 and 2500 Hz, respectively. The frequency range of the second tone was from 1350 to 2150 Hz, and nine stimuli were so selected as to divide the frequency range into eight equal intervals. The step size between adjacent stimuli was 100 Hz. Thus, nine types of stimulus triad were formed. Successive trials were separated by 3 sec, and there was a 5-sec pause after every 10 trials.
Procedure. To study the auditory tau effect, an AXE method was used instead of the method of adjustment. As shown in Figure 1 , three tones-A, X, and B-were presented successively. The subjects were required to judge whether the pitch of the second (target) tone (X) was more similar to that of A or B. Two successive short time intervals, represented as tl (between A and X) and t2 (between X and B), were delimited by the three tones and were varied by changing the temporal position of the second tone. Five temporal conditions, represented by the time ratio t1l(tl +t2), were .05, .25, .50, .75, and .95. The total duration (tl +t2) remained constant at I. 0 sec.
The subjects were given a randomized sequence of 100 triads five times. The initial five and the last five trials of each series were excluded from the data. The total number of trials was 500 for each subject {[(5 temporal conditions X 9 target stimuli x 2) + 10 extra trials] X 5}. Ten judgments for each of the nine targets were obtained from each subject for each ofthe five temporal conditions.
The recorded stimuli were played back at a comfortable listening level on a tape recorder (Sony, TC-365).
subject was approximated by a cumulative normal distribution whose mean and standard deviation were obtained by a normal graphic process for each subject, as outlined by Guilford (1954) . The mean indicates the subjective middle frequency between the first and third tones and theoretically corresponds to the mean adjusted tone frequency by the method of adjustment (e.g., Christensen & Huang, 1979) . The standard deviation serves as an index for the accuracy of the judgments. The subjective middle frequency and standard deviation for each subject under these conditions are given in Table I . The data essentially replicate the findings obtained in previous studies, even though the method of adjustment was replaced by the AXB method. The difference in the means between the time ratio conditions of .05 and .95 was found to be significant by t test [t(5) 
The mean (subjective middle frequency) obtained from the pooled data of all the subjects was calculated by the method of maximum likelihood with Muller-Urban weight and plotted as a function of the time ratio condition of the second tone in Figure 2 . The subjective middle frequency decreased as the second tone came temporally closer to the third tone. This result can be understood to reflect the fact that when the second tone came temporally closer to the third (the highest) tone, the subjects perceived the second tone as being higher than its actual frequency, and, thus, the subjective middle frequency was lowered. When the second tone was put closer to the first (the lowest) tone, on the other hand, the subjects perceived the second tone as being lower than its actual frequency, and, thus, the subjective middle frequency was raised. Accordingly, Figure 2 shows a downward linear trend.
The findings obtained in Experiment I show that the explanation offered by Christensen and Huang (1979) for the mechanism of the auditory tau effect is inadequate in certain respects. They explained the mechanism of the auditory tau effect in pitch bisection judgments by supposing that the interference of 12 with TI made the retrieved value of TI appear closer in pitch to 12 than the actual frequency of TI, and that then 12' (the subjective middle frequency) would be estimated as being closer to T3. 12 on the nth trial was compared with 12' derived from the (n -I)th trial. The results of the present experiment, however, cannot be explained by this hypothesis, because under an AXB paradigm the subjects judge whether the pitch of the second tone (X) is more similar to A or B as 8 x t 1 + t 2 = 1.0 sec. 1893  257  1825  251  1833  221  1737  256  1690  226  2  1840  269  1812  269  1821  230  1741  218  1747  206  3  1630  273  1713  252  1767  254  1675  287  1464  368  4  1962  392  1900  450  1809  331  1728  245  1483  335  5  1754  399  1706  272  1685  250  1661  253  1565  338  6  1893  257  1825  251  1833  221  1737  256  1690  226  Mean  1829  1797  1791  1713  1607 300  2140  2780  12  310  2140  2780  13  320  2140  2780  14  330  2140  2780  15  340  2140  2780  16  350  2140  2780  17  360  2140  2780  III 18  390  2140  2780 dle frequency between the first and third stimuli moves in the direction opposite to that of the temporally closer stimulus (Cohen et al., 1954) , the auditory tau effect might be explained in terms of assimilation. Shigeno and Fujisaki (1980) investigated the context effects in two-sound situations using vowels and found that assimilation occurred when subjects were required to respond in nonphonetic (pitch of vowels) judgments, whereas contrast occurred when subjects were required to respond in phonetic (phoneme of vowels) judgments. The influence of the mode of judgment-phonetic vs. nonphonetic-upon the auditory tau effect has not been investigated. In this experiment, the question of whether or not the auditory tau effect occurs when subjects are asked to respond in phonetic judgments was examined.
A

Method
Subjects. The subjects were 19 undergraduate students at Kitasato University. None reported any history of a speech or hearing disorder. All were native speakers of Japanese.
Stimuli. Synthetic vowels were prepared using a PDP-ll computer (DEC). These were generated by a terminal-analog speech synthesizer and were normalized by the overall maximum amplitude. All the stimuli were read out at a sampling rate of 10 kHz with an accuracy of 10 bits, converted into analog waveform, and recorded through a low-pass filter with a cutoff frequency of 4.5 kHz on a magnetic tape for the off-line experiment. All the stimuli had a steady duration of 200 msec with rise and decay times of20 msec.
Four stimulus continua of speech sounds (lei-Iii, Iii-lei, /II-Iii, and Iii-III) were used in this experiment. In Japanese, lei and Iii are perceived to be typical vowels; the sound between Iii and lei is perceived to be ambiguous, and is designated here as /II. According to a previous study (Fujisaki, Nakamura, & Yoshimune, 1970) , the sounds lei and Iii belong to different phonetic categories whereas III and Iii belong to the same phonetic category in an average speaker of Japanese. Thus, it can be said that the stimulus continua lei-Iii and Iii-lei consist of "between-phonetic-category" stimuli, and that the stimulus continua III-Iii and Iii-III consist of "within-phonetic-category" stimuli. The first formant frequencies of lei, Iii, and III were 520,270, and 370 Hz, respectively. The other stimulus parameters of these vowels are shown in Table 2 . 
t,+ t2
The purpose of Experiment 2 was to examine whether the auditory tau effect could be produced when a stimulus attribute more complex than the pitch of pure tones was used. It has been reported that a phenomenon similar to the auditory tau effect can be obtained in two-tone (or two-sound) situations in the perception of speech and nonspeech stimuli (e.g., Shigeno & Fujisaki, 1979) . Either assimilation or contrast is obtained as a context effect in these situations. Assimilation is a shift of category boundary in the direction opposite to that of the context stimulus. Contrast, on the other hand, is a shift of category boundary toward the context stimulus. Since the auditory tau effect found in pitch bisection judgments is defined as the phenomenon that occurs when the subjective mid- soon as they hear the triad, and they do not need to keep the pitch of the second tone in memory beyond one triad. Nor do they need to estimate the subjective middle frequency. It might be said that the hypothesis of Christensen and Huang (1979) greatly depends upon the experimental situation.
Another possible explanation for the results of Experiment 1, then, is that the auditory tau effect is caused by the integration of a forward context effect (the influence of the first stimulus on the perception of the second, target stimulus) and a backward context effect (the influence of the third stimulus on perception of the second, target stimulus) within one triad. The differences in magnitude between the forward and backward context effects upon the perception of the second tone might be an essential factor in the auditory tau effect. It has been reported that context effects expressed in terms of a shift in category boundary show a continuous transition from assimilation to contrast, and that contrast becomes more intense with increased stimulus complexity (Shigeno & Fujisaki, 1979) . If the auditory tau effect is a context effect, its occurrence should depend upon stimulus complexity.
EXPERIMENT 2
Each stimulus set consisted of three sounds. When the first sound was leI and the third sound was IiI, one of seven stimuli on the leI-IiI stimulus continuum was selected as the second (target) sound in each trial. The first formant frequencies (Fls) of all seven sounds formed a continuum between 470 and 350 Hz with a step size of 20 Hz. When the first sound was IiI and the third sound was leI, on the other hand, the Fls of the second sound formed a continuum between 350 and 470 Hz with a step size of 20 Hz. The second and the third formant frequencies (F2, F3) of these sounds were varied linearly on the leI-IiI or IiI-leI continuum to give a stronger identity to these vowels. In the case of the III-IiI and IiI-III continua, the Fls of the target sound varied from 360 to 300 Hz and from 300 to 360 Hz, respectively. The step size was 10 Hz. F2 and F3 were fixed at 2140 and 2780 Hz, respectively. The fundamental, fourth, and fifth formant frequencies (FO, F4, F5 ) of all stimuli were held constant at 140, 3500, and 4500 Hz, respectively. The bandwidths ofFl, F2, F3, F4, and F5 were also held constant at 60, 100, 120, 175, and 280 Hz, respectively.
Procedure. The subjects were divided into four groups, of 6 subjects each, according to the four stimulus continua: leI-IiI, IiI-leI, /II-IiI, and IiI-III. Five of the 19 subjects participated in two of the four conditions.
The AXB method was employed. The subjects were required to judge whether X was similar to A or to B. The temporal positions of the second sound (X), represented as the time ratio t1/(tl +t2), were varied under the same five conditions as in Experiment 1. The total duration (tl +t2) remained constant at 1.0 sec.
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The subjects were twice given the same series consisting of 150 triads. The initial five and the last five trials of each series were excluded from the data. The total number of trials was 300 for each subject {[(5 temporal conditions X 7 target stimuli x 4) + 10 extra trials I x 2}. Eight judgments for each target sound were obtained from each subject for each of the five temporal conditions.
The recorded stimuli were played back on a tape recorder (National, RU-2006u) and were presented to the subjects in a quiet room through a loudspeaker (National, WS320) at a comfortable listening level.
Results and Discussion
The means and standard deviations obtained by a normal graphic process for each subject are given in Table 3 The mean (subjective middle F1) obtained from the pooled performance of all the subjects was calculated by the method of maximum likelihood with Muller-Urban weight and plotted in Figure 3 as a function of the time ratio condition of the second sound. The subjective middle F1 corresponds to the subjective phonetic category boundary between lei and Iii or the subjective responsecategory boundary between III and Iii. The upper graphs show the results for the lei-Iii and Iii-lei stimulus continua; the lower graphs show the results for the III-Iii and Iii-III stimulus continua.
In the case of the lei-iii and li/-/el continua (the upper panels of Figure 3) , the subjective middle F1 (the phonetic category boundary between lei and Iii) moves toward the sound that is temporally closer to the second sound. For example, in the left upper panel, the interpolated subjective middle F 1 decreases as the time ratio increases. This indicates that the percentage of responses in which the second sound is judged to be similar to the third sound (Iii) diminishes as the second sound becomes temporally closer to the third sound. Similar results in the opposite direction were obtained with the Iii-lei continuum (the right upper panel), although the effects were less than those in the case of the lei-Iii continuum.
In the case of the III-Iii and Iii-III continua (the lower panels of Figure 3 ), on the other hand, the subjective middle FI (the response-category boundary between III and Iii) moves opposite to the sound that is temporally closer to the second sound. For example, in the left lower panel, the interpolated subjective middle F1 increases as the time ratio increases. This means that the percentage of responses in which the second sound is judged to be similar to the third sound (Iii) increases as the second sound becomes temporally closer to the third sound. Similar results in the opposite direction were obtained with the Iii-III continuum (the right lower panel), although the effects were less than those for the III-Iii continuum.
It is thus possible to say that, in speech perception, the auditory tau effect does not occur when the stimuli are between different phonetic categories, such as lei and Iii, although it does occur, as for pure tones, when the stimuli are within the same phonetic category, such as III and Iii. These results suggest that whether the stimulus is speech or nonspeech is not an essential factor for the auditory tau effect, but that whether the stimulus continuum consists of two different phonetic categories or of the same phonetic category (or pitch of pure tones) is an essential factor. Furthermore, the auditory tau effect can be understood as a context effect, since the shift of category boundary (or the shift of the subjective middle frequency) in the opposite direction (i.e., assimilation) to that of the temporally closer stimulus seems to be an essential component in the auditory tau effect. Shigeno and Fujisaki (1979) found that the context effect shows a continuous transition from assimilation to contrast as the temporallspatial distance between the context and the target stimuli is increased, although the contrastive effect becomes more intense with increased stimulus complexity. Shigeno and Fujisaki (1979) assumed that the context effect consisted of two components with opposite signs and different decay rates: a fast-decaying assimilative component at the precategorical level and a slowly decaying contrastive component at the categorical level. Following Fujisaki and Kawashima (1971) , Shigeno and Fujisaki (1979) further claimed that these two components might be associated with two distinct short-term storage systems: the precategorical (Crowder & Morton, 1969; Pisoni, 1975) and the categorical (see discussion in Shigeno & Fujisaki, 1979) . According to this model, the categorical judgment for a target stimulus is based on the category boundary stored in long-term memory, but is influenced by information on the preceding and following context stimuli temporarily retained in the two short-term memories. Assimilation and contrast may be ascribed to the differences in the relative magnitude of the two short-term memories. It might be said that the auditory tau effect consists mainly of the assimilative component at the auditory (precategorical) level.
Figure 3 also shows that the two upper panels and the two lower panels are asymmetrical to each other. These results for speech stimuli are very different from the data obtained by Cohen et al. (1974) , who found a strikingly smooth and symmetrical pattern for the ascending and descending orders in the case of the auditory tau effect for tonal intervals. Other examples of the discrepancy between speech and nonspeech perception (or phonetic and nonphonetic judgments) is provided by the pattern of forward and backward context effects. Repp, Healy, and Crowder (1979) and Shigeno and Fujisaki (1980) found that backward contrast was stronger than forward contrast in phonetic judgments of isolated synthetic vowels. Shigeno and Fujisaki (1980) found that nonphonetic judgments (pitch of vowels) of isolated synthetic vowels exhibited smaller contrast effects and no (or the opposite) difference between forward and backward contrast. As for contextual contrast in vowel identification by anchoring, Sawusch, Nusbaum, and Schwab (1980) observed contrast from both ends of the Iii-III continuum, which they assigned to two different mechanisms. Crowder and Repp (1984) , on the other hand, found an asymmetry in contrast across both the Iii-III and le/-/rel continua, since no contrast was obtained when each target was preceded by one continuum endpoint and abundant contrast was obtained when each target was preceded by the other endpoint. The magnitude of the forward and backward context effects may vary with the vowel categories used as context stimuli and may cause the asymmetry of the auditory tau effect.
Taking these results into consideration, it might be possible to define the auditory tau effect in vowel perception in terms of the differences in the magnitudes of forward and backward context effects for vowels. It has also been hypothesized that the contrastive component should be greater in phonetic judgments than in nonphonetic judgments (Shigeno & Fujisaki, 1980) . In the case of the le/-Iii and Iii-lei continua, a slowly decaying contrastive component would be more influential than a fast-decaying assimilative component, because lei and Iii are phonetically distinct from each other. When the second sound is temporally closer to the third sound, the backward contrastive context effects of the third sound are considered to be greater than the forward contrastive context effects of the first sound, so contrast with the third sound should occur (i.e., the category boundary should move toward the third sound). When the second sound is temporally closer to the first sound, on the other hand, the forward contrastive context effects of the first sound are considered to be greater than the backward contrastive context effects of the third sound, so contrast with the first sound should occur (i.e., the category boundary should move toward the first sound). Meanwhile, in the case of the III-Iii and Iii-III continua, the contextual contrastive component should not be influential in either forward or backward context effect, because Iii and III are not phonetically distinct from each other for Japanese subjects. The contextual assimilative components at the precategoricallevel, on the other hand, are supposed to be available both in forward and backward context effects. When the second sound is temporally closer to the third sound, the backward assimilative context effects of the third sound can be expected to be greater than the forward assimilative context effects of the first sound, so assimilation to the third sound should occur (i.e., the category boundary should move in the direction opposite to that of the third sound). When the second sound is temporally closer to the first sound, on the other hand, the forward assimilative context effects of the first sound can be considered to be greater than the backward assimilative context effects of the third sound, so assimilation to the first sound should occur (i.e., the shift of category boundary should move in the direction opposite to that of the first sound).
EXPERIMENT 3
The purpose of Experiment 3 was to explore further aspects of time-pitch (or time-phonetic category) relations in auditory perception. Since the relationship between stimulus attributes and time perception in the kappa effect had not yet been examined, the kappa effect, which has been considered to be the converse of the tau effect, was examined in Experiment 3 using speech and nonspeech stimuli.
Method
Subjects. The subjects were 20 undergraduate students at Kitasato University. None reported any history of a speech or hearing disorder. All were native speakers of Japanese. Two had participated in Experiment 2.
Stimuli. Sine-wave tones and synthetic vowels were used. These were essentially the same as those used in Experiments I and 2. In the case of the pure tones, the first and the third stimuli were fixed at 1000 and 2500 Hz, respectively; the second stimulus was 1000, 1350, 1750, 2150, or 2500 Hz. In the case of the synthetic vowels, the first and the third stimuli were Iii and lei, respectively. These two vowels belong to different phonetic categories in Japanese. The FI of the second stimulus was 300, 350,410,470, or 520 Hz.
Procedure. The subjects were divided into two groups. Each group consisted of 10 subjects.
The AXE method was employed. In this experiment, the subjects were asked to judge whether the second (target) stimulus was closer to A or to B in time, not in pitch. The interstimulus intervals between the first and second and between the second and third stimuli were tl and t2, respectively. Seven temporal conditions, represented by the time ratio t1l (tl +t2), were .41, .44, .47, .50, .53, .56, and .59 . The total duration (tl +t2) was constant at 1.0 sec.
The subjects in each group were twice given the same stimulus series consisting of 150 triads. The initial five and the last five trials of each stimulus series were excluded from the data. The total number of trials was 300 for each subject {[(5 variables of the frequency (or FI) of the second stimulus X 7 temporal conditions X 4) + 10 extra trials] X 2}. Eight judgments for each second stimulus were obtained from each subject for each of the five frequency (or FI) conditions of the second stimulus.
The recorded stimuli were played back on a tape recorder (National, RU-2oo6u) and presented to the subjects in a quiet room through a loudspeaker (National, WS320) at a comfortable listening level.
Results and Discussion
The means and standard deviations obtained by a normal graphic process for each subject are given in Table 4 , where the mean corresponds to the subjective middle point between the first and the third stimuli along the time axis. The difference in the subjective middle temporal points due to the two target stimulus conditions of 1000 and 2500 Hz was found to be significant by a t test [t(9) = 4.537, p < .01]. The difference in the subjective middle temporal points due to the two target stimulus conditions of Iii (F1 = 300 Hz) and lei (F1 = 520 Hz) was also found to be significant by a t test [t(9) = 8.318,
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GENERAL DISCUSSION
Summary of Results
The present study has four major results: (1) It provides evidence that the essential trend of results previously obtained using the method of adjustment with pure tones can be duplicated in an AXB paradigm. (2) In speech perception, the auditory tau effect was observed to be significant when the stimulus continuum was III-Iii or Iii-III, but the reverse pattern of results was obtained when the stimulus continuum was lei-Iii or Iii-lei. (3) The results were not symmetrical between the lei-Iii and the Iii-lei continua, or between the III-Iii and the Iii-III continua. The results were observed more clearly for the lei-Iii continuum than for the Iii-lei continuum, and more clearly for the III-Iii continuum than for the Iii-III continuum. (4) The kappa effect occurred for both speech and nonspeech stimuli.
The Auditory Tau Effect
Previous researchers (Christensen & Huang, 1979) offered an explanation for the auditory tau effect in terms of memory for pitch, and considered deterioration and interference in memory for pitch under the method of adjustment to be essential factors for this effect. The present study indicates that the mechanism of the auditory tau effect is not readily explained in terms of the deterioration and interference of memory for pitch, and shows that the explanations of previous researchers that depend on experimental procedure are inadequate for the reason that the same effect was observed under different procedures. The findings of the present study can be interpreted as suggesting that the auditory tau effect represents a context effect.
Several possible processing mechanisms for context effects have been proposed, particularly in connection with the contextual contrast effect. Sawusch and Nusbaum (1979) grouped possible mechanisms into three classes: feature detector fatigue, changes in response bias, and changes in the auditory ground. The feature-detectorwith which the same interpretation of the results can be presented (lower panel), although the geometric mean should be replaced by the physical middle F 1 of the second stimulus (410 Hz). These results show that the kappa effect occurs for speech as well as nonspeech stimuli. That is, the kappa effect occurs irrespective of stimulus attributes. Parks (1968) studied the kappa effect in vision and proposed that the kappa effect reflects not postperceptual processes, but a disturbance in the memory-trace of the temporal extent of the test interval. The results of Experiment 3 support these speculations, since the fact that both speech (phonetic) and nonspeech (nonphonetic) stimuli produce the kappa effect suggests that the kappa effect occurs at a common stage of auditory information processing before phonetic categorization. Figure 4 , where the two graphs represent the results for pure tones and synethtic vowels, respectively. In the case of pure tones (the upper panel of Figure 4 ), an examination of the curve shows that when the frequency of the second stimulus is lower than the geometric mean between the first and third (1581 Hz), the subjective middle temporal point is greater than the objective one; hence, the interval tl is perceived to be shorter than its actual temporal interval. When the frequency of the second stimulus approaches the geometric mean between the first and third, the perceived temporal interval tl approaches the actual temporal interval. When the frequency of the second stimulus is higher than the geometric mean between the first and third, the subjective middle temporal point is smaller; hence the temporal interval tl is perceived to be longer than the actual temporal interval. Similar results are obtained with synthetic vowels, SHIGENO fatigue hypothesis explains contextual effects in terms of the selective fatigue of a set of relative feature detectors. The response bias hypothesis (e.g., Parducci, 1975) suggests that vowel contrast effects are a product of changes in subjects' labeling strategies. These two hypotheses have been disputed, because they cannot adequately account for the adaptation/anchoring results found with vowels (see discussion in Sawusch & Nusbaum, 1979) . The hypothesis of changes in the auditory ground (Sawusch & Nusbaum, 1979; Simon & Studdert-Kennedy, 1978) suggests that contrast occurs when an auditory ground is established against which incoming stimuli are compared. Sawusch et al. (1980) suggest that contrast effects can be explained with reference to at least two different levels of processing: the auditory and the phonetic. For example, the effects of /il anchoring were to increase within-/i/ category sensitivity, whereas /II anchoring shifted criterion placements. Recently, Crowder and Repp (1984) found that contrast was obtained even after F2 and F3 were removed from the stimulus that was preceded by the target and suggested a sensory, rather than a judgmental, basis for the vowel contrast effects. Fox (1985) found, however, that full-vowel anchors were more effective than either a single-formant anchor (only Fl) or a pure-tone anchor in shifting subjects' identification of the test stimuli. He concluded that at least two different perceptual processes were involved in the production of vowel-contrast effects: the auditory and the phonetic. Assimilation, on the other hand, has not been observed as often as contrast in perceptual judgments, and the mechanism of assimilation has received little explanation. Shigeno and Fujisaki (1979) found that the shift in category boundary caused by an anchor shows a continuous transition from assimilation to contrast as the temporal/spatial distance between the anchor and the target stimuli is increased. Repp (1978) also reported that the crossover points of the CV and VC functions change from assimilation to contrast with increasing closure duration. The present study indicates that assimilation seems to be an essential factor in the auditory tau effect, and suggests that the mechanism of the context effects in three-tone situations (including the auditory tau effect) can be described only in terms of a model that can explain the mechanisms of both contrast and assimilation (see Discussion, Experiment 2).
The Kappa Effect
Although the kappa effect has been regarded as the converse phenomenon of the tau effect, some differences in experimental results between the tau and the kappa effects were obtained in the present study. The major difference is that the tau effect greatly depends upon stimulus attributes, but the kappa effect is scarcely influenced by stimulus attributes or by judgmental modes-that is, phonetic or nonphonetic. This evidence strongly suggests that the kappa effect does not reflect a postperceptual process, but reflects the influence of the acoustic information of context stimuli upon the memory of the temporal intervals. Thus, the results suggest that the kappa effect occurs at a primary auditory level, and not at the judgmental level.
Time-Space Interdependence
The results of the present study on the auditory tau effect indicate that the hierarchical character of perceptual processes is influenced by temporal factors (temporal separation between two stimuli) at two different perceptual levels: the auditory (precategorical) and the phonetic (categorical). The results from the experiment on the kappa effect, on the other hand, show that time perception is influenced by spatial factors (spatial separation on the stimulus continuum between two stimuli) at the nonphonetic (precategorical) level, but not at the phonetic (categorical) level. The findings of the three experiments indicate the asymmetry of the time-space interaction.
To conclude, the present results have important implications for models of perceptual time-space interdependence in general, and suggest that the primary sensory (precategorical) level of hierarchical auditory information processing is involved in the production of these effects.
